Background: Hyper-and hyponatremia occur frequently in extremely preterm infants. Our purpose was to investigate plasma sodium (P-Na) concentrations, the incidence of hyperand hyponatremia, and the impact of possible predisposing factors in extremely preterm infants. Methods: In this observational study, we analyzed data from the EXtremely PREterm (< 27 wk.) infants in Sweden Study (EXPRESS, n = 707). Detailed nutritional, laboratory, and weight data were collected retrospectively from patient records. results: Mean ± SD P-Na increased from 135.5 ± 3.0 at birth to 144.3 ± 6.1 mmol/l at a postnatal age of 3 d and decreased thereafter. Fifty percent of infants had hypernatremia (P-Na > 145 mmol/l) during the first week of life while 79% displayed hyponatremia (P-Na < 135 mmol/l) during week 2. Initially, the main sodium sources were blood products and saline injections/infusions, gradually shifting to parenteral and enteral nutrition towards the end of the first week. The major determinant of P-Na and the risks of hyper-and hyponatremia was sodium supply. Fluid volume provision was associated with postnatal weight change but not with P-Na. conclusion: The supply of sodium, rather than fluid volume, is the major factor determining P-Na concentrations and the risks of hyper-and hyponatremia.
s odium, the major cation in the extracellular fluid determines extracellular fluid volume, impacts on blood pressure and is essential for growth and central nervous system function (1, 2) . At birth, the reduction in extracellular fluid is considered a part of the adaptation of cardiorespiratory function (3). In extremely preterm (EPT) infants, higher body water content together with large insensible water losses increases the risk of hypernatremia early after birth. On the other hand, the same infants a few days later will typically develop hyponatremia due to immature renal function with high urinary sodium losses. Hypernatremia (plasma sodium (P-Na) 145 mmol/l) has been reported in 70% of infants below 27 wk of gestation, most frequently occurring at 24-72 h after birth (4) . From the second week of life, hyponatremia is almost universal in EPT infants, unless sodium is supplemented. Perturbations in sodium and water metabolism are clinically relevant: Hypernatremia, high sodium supply as well as high fluctuation of serum sodium may increase the risk of cerebral hemorrhage (4-7) while hyponatremia may cause cerebral edema and encephalopathy (8) . Accordingly, large changes in serum sodium concentrations have been associated with adverse neurological outcome (9) and preterm infants supplemented with sodium starting at a postnatal age (PNA) of 4-7 d displayed less hyponatremia (10, 11) and better neurodevelopmental outcome compared with controls (12) . The knowledge about how fluid and electrolyte management interacts with the postnatal changes in extracellular fluid is limited. Specifically, it is unclear to what extent sodium concentration is affected by sodium supply and fluid volume, respectively, and whether one of them might be the major conveyor of the observed unwanted effects on brain health. We aimed to investigate the course of P-Na concentrations, the incidence of hyper-and hyponatremia, and their possible association with predisposing factors in EPT infants.
METHODS

Study Population
We used prospective data form the population-based Extremely Preterm Infants in Sweden Study (EXPRESS). The EXPRESS cohort consist of infants born at <27 wk of gestation in Sweden during a 3-y period (n = 707) (13, 14) . Nutritional intakes and postnatal growth of EXPRESS infants, surviving the first 24 h after birth, have recently been reported (15, 16) .
Data Collection
All data, including enteral and parenteral fluids, flush solutions containing sodium, and blood products were retrospectively collected daily from hospital records from the day of birth (PNA of 0 d) to a PNA of 14 d. Nutritional intakes were calculated from manufacturer information and published nutrient contents (17) (18) (19) . Sodium supply and fluid volume at the day of birth were corrected for time of birth. Furthermore, all weight measurements and the first available plasma or serum sodium concentration each day were obtained. Since the vast majority of sodium analyses were performed on plasma samples using different point-of-care blood gas analyzers (most common system: Radiometer, Åkandevej 21, 2700 Brønshøj, Denmark), sodium values are reported as P-Na concentrations. There is a high level of
Data Management
Presently, there are no universally agreed definitions of hyperand/or hyponatremia. In this study, we defined hypernatremia as P-Na > 145 mmol/l, mild hypernatremia as P-Na between 146 and 150 mmol/l, moderate hypernatremia as P-Na between 151 and 155 mmol/l, and severe hypernatremia as P-Na > 155 mmol/l. Hyponatremia was defined as P-Na < 135 mmol/l, mild hyponatremia as P-Na between 130 and 134 mmol/l, moderate hyponatremia as P-Na between 125 and 129 mmol/l, and severe hyponatremia as P-Na < 125 mmol/l. Infants who died within the first 24 h after birth (n = 105) were excluded from all analyses due to lack of available nutritional intake data. Infants with multiple congenital anomalies (n = 3), gastrointestinal malformation (n = 2), limb reduction defects (n = 2), and chromosomal anomalies (n = 3) were excluded from all analyses due to possible interaction with metabolism, nutrition status and/or weight.
Weight measurements were available on an average of 3.2 d during the first week of life (PNA of 0-6 d). For days with missing weight data, weight change from birth (percent weight change) was calculated by linear interpolation. When weight measurements were missing on 4 or more consecutive days, data was not interpolated. Prospective perinatal data were collected within the EXPRESS cohort and included gestational age (GA), birth weight (BW), Apgar scores, clinical risk index for babies (CRIB), antenatal steroids and days on mechanical ventilation (MV) (13, 14) .
Statistical Analyses
SPSS Statistical software (Version 23.0 for Windows, SPSS, Chicago, IL) was used. Since the proportion of fluid volume was strongly correlated with sodium supply (r = +0.80, P < 0.001) the standardized residuals of the regression of fluid volume on sodium supply were calculated and used as a measure of fluid volume except when testing the outcome percent weight change. Apgar scores, CRIB and MV (days during first week of life) were treated as continuous variables.
Univariable linear regression analyses were performed for the outcomes P-Na and percent weight change. Univariable logistic regression analyses were performed for the outcomes hyper-and hyponatremia, except when testing the binary explanatory factors small for gestational age, antenatal steroids and MV during a PNA of 0-3 d (solely hypernatremia analyses), for which independent samples t-tests were performed. P-values < 0.05 were considered significant.
For hypernatremia and P-Na at a PNA of 2-4 d, possible explanatory variables tested were: Sodium supply, provided fluid volume, percent weight change, GA, BW, BW standard deviation scores (SDS), small for gestational age, Apgar scores, CRIB, antenatal steroids and MV during a PNA of 0-3 d. For hyponatremia and P-Na at a PNA of 10 d, the same explanatory variables were tested, with the exception of percent weight change and Apgar scores. MV during a PNA of 0-3 d was replaced by MV during the first week of life.
Finally, we performed multivariable linear and logistic regression analyses including all variables that were significant in the corresponding univariable analyses.
For analyses of differences in hyper-and hyponatremia between hospitals independent sample t-test was used for continuous variables and Fisher´s exact probability test for binary variables. Values are mean ± SD and (range), unless otherwise noted.
Ethics
The EXPRESS study was approved by the Regional Ethical Review Board in Lund, Sweden (Dnr 138-2008). The ethical committee declared waiver of consent for this additional study.
RESULTS
The analyses are based on a final cohort of 592 infants. The mean ± SD (range) GA and BW of infants were 25.3 ± 1.1 wk (22.1 -26.9) and 765 ± 169 grams (348 -1,315). Figure 1 illustrates P-Na concentrations during the first 28 d after birth.
Sodium Supply
The sources of sodium and their relative contribution to total sodium supply are shown in Figure 2 . Sodium sources at a PNA of 0-3 d were mainly blood products and saline injections/infusions. At a PNA of 4-6 d parenteral nutrition was the main sodium source, while during days 7-13 after birth infants received sodium mainly through enteral and parenteral nutrition.
Incidences of Hyper-and Hyponatremia
During the first week of life, 282/556 infants (50%) had hypernatremia (whereof 29% mild, 16% moderate, and 5% severe), appearing most frequently at days 2-4 after birth (Figure 3) . Of 515 infants, 404 (79%) had hyponatremia (whereof 39% mild, 32% moderate ,and 8% severe) during the second week of life (PNA of 7-13 d), appearing most frequently around day 10 after birth. From a PNA of 5 d more infants displayed hyponatremia compared with hypernatremia.
Weight Change
Postnatal weight change was -10 ± 7% (-31% to +13%; n = 347) with a nadir at a PNA of 4 d whereby 98 infants (28%) had lost between 5 and 10% of their birth weight and 182 infants (53%) had lost more than 10% of their birth weight. Average daily fluid volume provision during days 0-3 after birth was significantly associated with percent weight change from birth to 4 d of life (r = +0.482, P < 0.001). When percent weight change from birth was calculated with available daily measured weight data (no linear interpolation) these association remained.
Hypernatremia
Factors associated with P-Na at a PNA of 2-4 d, are shown in Supplementary Table S1 online (univariable analyses) and 
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Articles Table 2 (multivariable analyses). In addition, univariable analyses showed that P-Na at day 4 after birth was significantly correlated with administration of antenatal steroids (P = 0.001). In multivariable analyses, the major determinant of P-Na and hypernatremia was sodium supply during the preceding days. Factors associated with moderate/severe hypernatremia (P-Na > 150 mmol/l) were similar (data not shown).
When we additionally excluded infants who died during the first week of life and/or infants with incomplete laboratory and/or nutritional data (< 4 values during week 1) from the analyses of hypernatremia the results remained.
Routines for sodium supply varied between Sweden's six university hospitals, making it possible for us to compare P-Na in infants treated at the two hospitals with the most liberal sodium supply with infants at the hospital with the most restrictive sodium supply. In agreement with the above findings, the occurrence of hypernatremia at a PNA of 2, 3, and 4 d was significantly higher (32-50% vs. 8-28%, P = 0.001, P < 0.001, respectively) in hospitals where the infants received most sodium compared with infants at the hospital with the lowest sodium supply (5.5 ± 2.5 mmol/kg/d vs. 1.3 ± 1.0 mmol/ kg/d on average at days 0-3 after birth; n = 162 vs. n = 114). There was no significant difference in infant GA between these hospitals (P = 0.437).
Hyponatremia
Factors associated with P-Na at a PNA of 10 d, are shown in Supplementary Table S1 online (univariable analyses) and Table 1 (multivariable analyses). In final multivariable analyses sodium supply during the preceding days (days 4-9 after birth) was the only factor significantly correlating with P-Na at a PNA of 10 d. In accordance with that, final multivariable analyses showed that low sodium supply at days 4-9 after birth was the only remaining factor associated with hyponatremia at a PNA of 10 d (odds ratio, OR = 0.85 (0.77-0.93), P < 0.001). Fluid volume had neither effect on P-Na nor on the occurrence of hyponatremia at a PNA of 10 d. Results for moderate/ severe hyponatremia (P-Na < 130 mmol/l) were similar (data not shown).
When additionally excluding infants who died within the first 2 wk of life (days 0-13) and/or infants with incomplete laboratory and/or nutritional data from the analyses of hyponatremia the results remained.
The occurrence of hyponatremia at a PNA of 10 d was significantly lower (49% vs. 71%, P = 0.001) among infants at the hospitals with the highest average daily sodium supply compared with infants at the hospital with the lowest average daily sodium supply during days 4-9 after birth (5.8 ± 2.1 mmol/ kg/d vs. 2.8 ± 1.8 mmol/kg/d; n = 158 vs. n = 111).
DISCUSSION
We present data on fluid and sodium homeostasis in a population based, homogenous, and very well described cohort of EPT infants. The most important finding of this study is that the provision of sodium itself is the major factor determining P-Na concentrations as well as the risks of hyper-and hyponatremia. Provided fluid volume, while influencing weight loss, had no impact on P-Na concentrations as well as the occurrence of hyponatremia and only a minor impact on the occurrence of hypernatremia at a PNA of 4 d.
In this study more than 20% of infants had P-Na > 150 mmol/l during the first week of life, and 40% had P-Na < 130 mmol/l during the second week of life. Average P-Na peaked at a PNA of 3 d and decreased thereafter to a lowest concentration on day 10 after birth. After a PNA of 7 d, no infant had severe hypernatremia (P-Na > 155 mmol/l). In parallel, Saline infusions; saline-flush injections; blood products; parenteral nutrition; and enteral nutrition. __ __ __ Hypernatremia (P-Na > 145 mmol/l); ········ Moderate/severe hypernatremia (P-Na > 150 mmol/l; ___ ___ Severe hypernatremia (P-Na > 155 mmol/l); __ ·· __ Hyponatremia (P-Na < 135 mmol/l); --Moderate/severe hyponatremia (P-Na < 130 mmol/l); . . . . . . Severe hyponatremia (P-Na < 125 mmol/l). Articles Späth et al.
the occurrence of hyponatremia was lowest at a PNA of 3 d and then increased until day 10 after birth.
In final multivariable models, sodium supply was the strongest predictor of P-Na and the risk of hyper-and hyponatremia. The results were further confirmed by exploring differences in clinical management: In hospitals where sodium was given most liberally, infants were at higher risk of hypernatremia as well as at lower risk of hyponatremia compared with hospitals with the lowest sodium provision.
One might have expected to find strong associations between low fluid volume and high P-Na and/or between high fluid volume and low P-Na. However, fluid provision was not at all related to P-Na as well as hyponatremia, and not consistently with hypernatremia. We found a negative association between provided fluid volume and hypernatremia at a PNA of 4 d. Furthermore, postnatal weight change, a proxy for fluid volume provision, was significantly negative correlated with P-Na as well as hypernatremia at day 2 after birth, implying a weak association between low fluid volume and hypernatremia whereas the provision of sodium was continuously and strongly correlated with P-Na concentration and the risk of hypernatremia. P-Na concentration was also associated with administration of antenatal steroids, which have been shown to decrease the incidence of hypernatremia, presumably through its maturational effect on both skin barrier and renal tubular function (21) . In contrast, we found a weak effect in the opposite direction. However, this was only found at one of the investigated time points and few infants in our cohort had not received antenatal steroids so this result may be a chance finding.
Similar to at least one other study in preterm infants (22), we found that many infants (one third) displayed hyponatremia (P-Na < 135 mmol/l) already in the first analyzed sample at a PNA of 0 d. The relevance of this finding is unclear but might be related to the rapid redistribution and loss of body water that takes place at birth (23, 24) .
Kavvadia et al. compared a restricted vs. a liberal fluid regimen in extremely low birth weight infants and found no differences in hyper-or hyponatremia, short-term morbidity or mortality between the groups (25) . Sodium supply was similar in the two groups (26) . The fluid restricted infants had a lower urinary output and a higher urinary osmolality than those receiving standard fluid volumes, suggesting that even extremely low birth weight infants are able to regulate fluid Articles balance in response to variations in fluid volume provision. In contrast, a similar study, with a higher sodium supply in the liberal fluid group, suggested that a high sodium supply carries an increased risk of both mortality and respiratory morbidity (27) . Costarino et al. compared a higher vs. a lower sodium supply during the first 3-5 d after birth and showed a significantly lower incidence of bronchopulmonary dysplasia in the sodium-restricted infants (28) . When comparing early vs. delayed sodium supplementation, positive effects on oxygen regulation have been shown when sodium supplementation begins after weight loss has taken place (29) . Several studies suggest that preterm infants benefit from sodium supplementation started after a few days by decreased risk of hyponatremia, improved weight gain, earlier discharge and possibly even improved neurodevelopmental outcomes (10) (11) (12) .
Our results support previous research suggesting that sodium supply should be minimized until day 3 after birth and it is important to realize that non-nutritional sodium sources (blood transfusions, plasma transfusions, saline flushes, and saline infusions) should be taken into account since they contribute most of the sodium during this period. However, from a PNA of 4 d, an adequate sodium supply should be ensured to minimize the risk of hyponatremia.
During the second week of life average daily sodium supply was 5.5 mmol/kg/d. This high sodium supply in combination with the high incidence of hyponatremia may suggest that the recommended daily sodium supply of 3-5 mmol/kg/d during the phase of stable growth may be to low (30) .
Strengths of this study include a relatively large, population based sample and extensive data acquisition. Limitations of this study are the observational design and retrospective data collection. Also, this study did not include data on urinary and insensible water losses. However, all infants were treated in closed and highly humidified incubators.
To conclude, a majority of EPT infants in Sweden had hyperand/or hyponatremia. The provision of sodium is the main factor determining P-Na concentrations as well as the risks of hyper-and hyponatremia. Fluid volume has a minor impact on the occurrence of hypernatremia.
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